Periodontal disease is one of the most prevalent chronic inflammatory diseases. There is a genetic component to susceptibility and resistance to this disease. Using a mouse model, we investigated the progression of alveolar bone loss by gene expression profiling of susceptible and resistant mouse strains (BALB/cByJ and A/J, respectively). We employed a novel and sensitive quantitative real-time PCR method to compare basal RNA transcription of a 48-gene set in the gingiva and the spleen and the subsequent changes in gene expression due to Porphyromonas gingivalis oral infection. Basal expression of interleukin-1 beta (Il1b) and tumor necrosis factor alpha (Tnf) mRNA was higher in the gingiva of the susceptible BALB/cByJ mice than in the gingiva of resistant A/J mice. Gingival Il1b gene expression increased further and Stat6 gene expression was turned on after P. gingivalis infection in BALB/cByJ mice but not in A/J mice. The basal expression of interleukin-15 (Il15) in the gingiva and the basal expression of p-selectin (Selp) in the spleen were higher in the resistant A/J mice than in the susceptible BALB/cByJ mice. In the resistant A/J mice the expression of no genes detectably changed in the gingiva after infection. These results suggest a molecular phenotype in which discrete sets of differentially expressed genes are associated with genetically determined susceptibility (Il1b, Tnf, and Stat6) or resistance (Il15 and Selp) to alveolar bone loss, providing insight into the genetic etiology of this complex disease.
Periodontal disease is the most common chronic inflammatory disease in humans and leads to the destruction of toothsupporting tissues and tooth loss (37, 38) . This process is characterized by elimination of the periodontal ligament, formation of periodontal pockets, and alveolar bone resorption (37) . It is initiated by bacteria, such as Porphyromonas gingivalis, Prevotella intermedia, and Actinobacillus actinomycetemcomitans, that accumulate as subgingival biofilms and stimulate an inflammatory response in the host gingiva (38) .
An excessive or sustained response leads to chronic inflammation, which is a potent amplification system for recruiting humoral and cellular components of the immune system. Indeed, the host's own defense mechanisms contribute substantially to the etiology of periodontal disease (11, 19, 32, 33) . Individuals show various levels of susceptibility or resistance to the disease, and this is at least in part genetically determined (6, 22, 24) . Gingival immune responses have been associated with the pathogenesis, severity, and genetic susceptibility to human periodontal disease (11, 32, 33) .
A murine model has been developed in which mice are orally infected with P. gingivalis, which results in alveolar bone loss (5) . This model offers many benefits over human studies, such as controlled environmental conditions and infection levels, as well as the existence of a variety of genetically defined inbred strains of immunocompetent mice. Baker et al. used this system to investigate the genetic control of susceptibility to P. gingivalis-induced alveolar bone loss (3) . The BALB/cByJ mouse strain was more susceptible, while the A/J strain was resistant to bone loss. Therefore, this model offers the means to determine how genetic variation can influence the differential host response to oral infection with P. gingivalis.
An understanding of gene expression levels and subsequent changes due to infection with a periodontal pathogen could provide new clues to the key host molecules that confer resistance and susceptibility to this complex disease. There are a variety of methods for quantifying gene expression, including Northern blotting, in situ hybridization, RNase protection assays, microarrays, and quantitative reverse transcriptase PCR (QPCR). Microarrays enable simultaneous analysis of a large number of genes, but samples with limited RNA can be used only after cDNA amplification, which adds a source of possible error. In contrast, QPCR has many advantages due to its high sensitivity, reproducibility, and large dynamic range, especially with limited tissue samples and immunological targets that can be expressed at low levels (12, 31, 35) . Here we combined the multiple-gene analysis of microarrays with the sensitivity and accurate quantitation of QPCR in a high-throughput system using a customized ImmunoQuantArray (1, 7) .
Gene expression profiles in the gingiva and the spleen could provide a broad assessment of local gene transcript availability and systemic gene transcript availability, respectively. Here we quantified the expression of a targeted set of genes associated with immunological responses and compared gingival expression to the expression in a known secondary lymphoid organ, the spleen. We compared basal levels of gene transcripts in these tissues in alveolar bone loss-susceptible and -resistant mouse strains (BALB/cByJ and A/J, respectively) and the subsequent changes in gingival gene expression due to P. gingivalis for 10 min (AmpliTaq Gold activation), followed by 40 cycles of 95°C for 15 s (denaturation) and 60°C for 1 min (annealing and extension). The data were collected by using the ABI Prism 7000 sequence detection system with version 1.7 software (Applied Biosystems). The threshold cycle number (C t ) is defined as the number of PCR amplification cycles required for achieving a defined fluorescence intensity; therefore, the higher the C t , the less of the mRNA was present originally. To validate the procedure, technical replicate analyses were performed with many samples with a very low standard deviation and high reproducibility. Consequently, for each mouse (biological replicate) only one QPCR was performed.
Statistics. For alveolar bone levels, analyses of variance (ANOVA) were performed and post hoc t tests were done for significant interactions by using the Bonferroni correction (STATView [SAS Institute Inc.] and Excel [Microsoft] ).
In the QPCR experiments, basal levels of gene expression were compared across tissues and strains, and gingival expression data were compared with and without P. gingivalis infection. Differences between groups were analyzed by using a rigorous global pattern recognition (GPR) algorithm (1) . GPR performs a global normalization function that compares the change in expression of each gene with the change in expression of every other gene in the ImmunoQuantArray. When control and experimental cohorts are compared, all genes whose expression is not different are used iteratively as normalizers to rank genes whose expression is significantly different in different cohorts. Comparisons thus are not dependent on the expression stability of any one normalizer gene. This analysis allows stratification of genes as a function of both the magnitude of the difference in expression and the reproducibility of the C t values within the two comparison groups. Data are filtered to disregard any data with a raw C t value greater than 37.5, a cycle number that approaches single-copy detection. In the more usual analysis by ANOVA, such data are necessarily included, skewing the entire data set (1) . For each gene-normalizer combination, the ⌬C t values [⌬C t(gene) ϭ gene C t Ϫ normalizer C t ] for BALB/cByJ mice versus A/J mice or for uninfected groups versus infected groups are compared by an unpaired, two-tailed Student t test. The gene-normalizer combination is scored as a hit if the P value is less than 0.05. The GPR score is then derived as the fraction of normalizers that produced significant hits. A GPR score of 0.4, indicating that control and experimental cohorts were found to be statistically different compared to 40% or more of the normalizers, has been shown to reliably identify genes undergoing significant change (1) . For the genes whose GPR score was greater than 0.4, the magnitude of change was then calculated as follows: 2ˆ[Ϫ1 (mean ⌬C t of experimental mice Ϫ mean ⌬C t of control mice)], where ⌬C t ϭ gene C t Ϫ 18S rRNA C t .
RESULTS

Alveolar bone response to P. gingivalis infection over time.
The effect of a P. gingivalis oral infection on alveolar bone levels was assayed over time. An ANOVA revealed significant interactions among the variables mouse strain, P. gingivalis, infection, bone level, and bone measurement site (P ϭ 0.05). The bone loss in infected BALB/cByJ mice reached significant levels compared to that in sham-infected BALB/cByJ mice 6 weeks postinfection (P ϭ 0.01) (Fig. 1) . In BALB/cByJ mice 6 weeks postinfection, post hoc t tests with data from individual sites showed that most of the alveolar bone loss was restricted to certain sites. BALB/cByJ mice had significant bone loss (P Ͻ 0.05) at 6 of 14 sites (data not shown). The A/J mice did not show any significant bone loss at any time ( Fig. 1) , despite the fact that infection was confirmed by the development of an anti-P. gingivalis immunoglobulin G (IgG) antibody. The titers in infected A/J mice were comparable to the titers in infected BALB/cByJ mice and followed a similar time course over the 6 weeks postinfection, reaching maximal levels at 3 weeks in both strains (data not shown).
Basal expression profiling of the mouse gingiva and the mouse spleen. To determine the basal gene expression profiles in the gingiva and the spleen from individual sham-infected BALB/cByJ and A/J mice, we performed QPCR for the ImmunoQuantArray of 48 genes listed in Table 1 . These genes included genes whose expression is associated with various adaptive and innate immunological processes (1). The relative expression of these genes is shown in Table 3 . Considerable differences in the gene expression pattern were observed between the gingiva, a tissue in close apposition to the infection site and to the alveolar bone, and the spleen, a tissue with a known primary immunological function. In keeping with the known function of the spleen, the majority of the 48 genes were expressed at appreciable levels in the spleens of both strains of mice. About one-half of these genes were also robustly expressed in the gingiva. The basal expression of Hspa1b (Hsp 70.1) mRNA in both mouse strains and of Opg mRNA in BALB/ cByJ mice was, in fact, significantly higher in the gingiva than in the spleen (P Յ 0.00001 for Hspa1b and P ϭ 0.02 for Opg, as determined by the t test). There was not detectable chemokine mRNA or mRNA for most of the interleukins, with the exception of interleukin-18 (IL-18) (Il18) in both mouse strains and of IL-1␤ (Il1b) in BALB/cByJ mice. An RNA message was present for the receptors for IgG, IgE, and gamma interferon. Tlr4 mRNA was present, but Tlr2 or Tlr9 mRNA was not present. Stat1 and Stat3 mRNA were present, but Stat6 mRNA was not present. Messages for both p-selectin (Selp) and lselectin (Sell) were present. These results indicate that prior to specific infection the gingiva expresses mRNA for many immunologically important proteins.
Basal gene expression profiles of susceptible and resistant mouse strains. Differential expression of genes in the tissues of the bone loss-susceptible BALB/cByJ mice and the bone lossresistant A/J mice could suggest genes associated with susceptibility or resistance. Few strain-specific differences were detected. The genes whose basal expression differed significantly (GPR score, Ͼ0.4) in the BALB/cByJ and A/J strains are indicated in Table 3 .
The differences were then further quantified. Gingival Il1b, Opg, and Tnf gene expression was significantly higher (3.4, 3.8, and 2.9 times higher, respectively) in the bone loss-susceptible BALB/cByJ mice than in the bone loss-resistant A/J mice, while Il15 expression was 6.8 times higher in the A/J gingiva than in the BALB/cByJ gingiva ( Fig. 2A) . In the spleen, the basal expression of Il1b was 68 times higher and the basal expression of Cd8a was 2.8 times higher in BALB/cByJ mice than in A/J mice (Fig. 2B) . In contrast, the basal expression of Selp in the spleen was 5.6 times higher in A/J mice. These data suggest that allelic variation between BALB/cByJ and A/J mice results in differential expression of these genes. Gingival gene expression profiles in response to oral infection. Changes in gene expression in the gingiva due to P. gingivalis infection were investigated at 1, 2, 3, 4, and 6 weeks for each of the 48 genes. One week postinfection in the bone loss-susceptible BALB/cByJ mice, Il1b and Opg mRNA were more highly expressed in the gingiva of P. gingivalis-infected mice than in the gingiva of sham-infected mice (the values were 6.5-and 12.1-fold higher, respectively) (Fig. 3) . In addition, Stat6 expression increased 3.4-fold (Fig. 3) , going from being undetectable in the gingiva of sham-infected mice to exhibiting medium expression in the gingiva of infected mice. There was greater variability from mouse to mouse in the gingiva of P. gingivalis-infected BALB/cByJ mice at later times, such that no genes were found to be significantly differently expressed by our rigorous GPR criteria at any later time. In the bone loss-resistant A/J mice, no genes showed differential expression at any time after P. gingivalis infection.
DISCUSSION
The studies described here are the first studies to comprehensively analyze the immunological gene expression profiles of the mouse gingiva. A number of immunological genes were basally expressed in the gingiva without exposure to P. gingivalis infection (Table 3) . Because of the expression of these immunological genes, their encoded proteins are likely to be readily available to support an immune response. The gingiva thus is an immunologically competent tissue even prior to specific infection with a periodontal pathogen. . Genes are arranged in order of their GPR scores. The ⌬C t for the genes in each mouse was calculated compared with the value for 18S rRNA, and the ⌬C t data grouped by mouse strain was subjected to a t test to derive the P value. The fold changes quantify the differences in the mean ⌬C t values between the two mouse strains. Each group contained four to eight mice, and one QPCR was performed per tissue from each mouse. (A) In the gingiva, Il1b, Opg, and Tnf mRNA were more highly expressed in the BALB/cByJ mice than in the A/J mice, while expression of Il15 was higher in A/J mice. (B) In the spleen, Il1b expression was 68-fold higher in BALB/cByJ mice than in A/J mice, while Selp expression was 5.6-fold higher in A/J mice than in BALB/cByJ mice.
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by on March 4, 2010 iai.asm.org a Within a tissue, when there were significant differences in expression between the two strains (GPR score, Ͼ0.4; P Ͻ 0.05, as determined by the 18S rRNA t test), the results for the strain with higher expression are in boldface type. All data were normalized (⌬C t ) to 18S rRNA, consistently the most highly expressed gene, and placed into categories based on their relative expression. The categories were designated as follows: very high expression (⌬C t of Ͻ11), high (⌬C t of 11 to 17.5), and medium (⌬C t of 17.5 to 22). Blank spaces indicate low expression or not detectable with a ⌬C t of Ͼ22. Except where indicated otherwise, expression in the spleen was significantly higher than expression in the gingiva of the same mouse strain (P Ͻ 0.05, as determined by the t test).
b Not significantly different in the gingiva than in the spleen of the same mouse strain (P Ͼ 0.05, as determined by the t test). c Significantly higher expression in the gingiva than in the spleen (P Ͻ 0.05, as determined by the t test). d The gene is known to be expressed in human gingivae based on EST libraries (9) or QPCR studies of healthy human gingival biopsies (20, 30) .
No such comprehensive survey of gene expression has been done with healthy human gingivae to our knowledge. A few studies have examined the expression of a small number of genes in healthy gingivae. Few of the genes included here have been investigated previously, but for those that have been, expression in humans correlated with expression in mice (20, 27, 30) . Expressed sequence tags (ESTs) isolated from human gingival tissue provide an approximation of the genes expressed in that tissue. Human gingival EST libraries are not well represented in the public dbEST resource. This database comprises 5.2 million human ESTs, yet it includes only 919 ESTs from gingival tissue. These gingival ESTs represent 766 known genes, many which are structural or housekeeping genes (data not shown). Of the genes used in our ImmunoQuantArray, four (Ifngr2, Il1b, Itgax, and Stat3) overlapped with genes represented in the gingival EST libraries (9), indicating that they were expressed sufficiently in the human gingival EST libraries to be represented despite the limited library size. Our QPCR analysis revealed 16 additional immunological genes expressed basally in the gingiva ( Table 3 ) that have not been previously catalogued in this tissue in humans. Because our murine results duplicate results from humans where the two data sets overlap, it is likely that these data are predictive of basal gene expression in the human gingiva.
To gain an understanding of immunity-related genes that distinguish the susceptible and resistant strains, we compared the basal gene expression profiles in uninfected mice. The great majority of the 48 genes analyzed failed to show expression differences between the two mouse strains. However, Tnf was more highly expressed in the gingiva of the susceptible strain ( Fig. 2A) . Tumor necrosis factor (TNF) is important in bone remodeling, and excess stimulation is associated with bone thinning (21) . QPCR has shown that TNF is more highly expressed in gingivae from patients with chronic periodontitis than in healthy human gingivae (30) .
In contrast, Il15 showed greater gingival basal expression in resistant mice (Fig. 2A) . IL-15 preferentially stimulates the development of CD8 T cells, as well as elements of innate immunity, including NK cells (23) . CD4 T cells are associated with alveolar bone loss after P. gingivalis infection, while CD8 cells have no effect (2) . If higher levels of IL-15 in A/J mice lead to development of more CD8 cells and fewer CD4 T cells, this could contribute to A/J bone loss resistance.
Abnormal expression of adhesion molecules on neutrophils and macrophages is implicated in the pathogenesis and susceptibility of some forms of periodontal disease (19) . Several families of adhesion molecules are involved in the extravasation process and in chemotaxis. For example, neutrophil and macrophage rolling is the first step in crossing the blood vessel wall, and adhesion molecules are upregulated by endothelial cells in response to signals such as IL-1␤, C5a, and TNF to aid this process. Cysteine protease and serine protease families produced by P. gingivalis have been found to degrade adhesion molecules (18) , thus increasing the virulence of the bacteria. p-selectin (Selp) mRNA was found to be basally expressed at higher levels in the spleens of A/J mice than in the spleens of BALB/cByJ mice (Fig. 2B) , suggesting that high levels of adhesion molecules may contribute to disease resistance. p-selectin-deficient mice lose larger amounts of alveolar bone than normal mice lose in response to P. gingivalis (4) .
Il1b was also expressed differentially in the two strains of mice. Proinflammatory cytokines, like IL-1␤, are important factors in the initiation and development of the inflammatory cascade to eliminate the bacteria. However, IL-1␤ can also play a role in the destruction of local tissues by stimulating bone resorption and collagenase production by fibroblasts (8, 26, 28, 36) . Basal expression of Il1b was higher in BALB/cByJ mice than in A/J mice in both the gingiva and the spleen. Importantly, Il1b expression was also significantly increased in the gingiva of infected BALB/cByJ mice early in the infection process. In contrast, there were no significant changes in gene expression in A/J mice after infection. The higher BALB/cByJ basal Il1b expression and the elevated response to infection may result in excessive stimulation of the inflammatory cascade or bone remodeling cells and tip the balance away from homeostasis toward destruction. Similar results have been reported by Kornman et al. in humans (16, 17) . A specific genotype of the polymorphic IL-1 gene cluster is associated with severity of periodontitis in nonsmoking humans (16, 17) . This IL-1 genotype comprises of a variant of IL-1␤ that is associated with a two-to fourfold increase in IL-1␤ production, the range of difference reported here for Il1b expression in mice ( Fig.  2A) . A genetic propensity for increased IL-1 secretion may be a significant mechanism associated with susceptibility to the disease.
Moreover, STAT6, a key signaling molecule by which IL-4 pushes the differentiation of antigen-activated CD4 T cells toward the Th2 phenotype (39) , was upregulated by infection in BALB/cByJ mice but not in A/J mice. Th2 cells secrete IL-6, . Genes are arranged in order of their GPR scores. The ⌬C t for the genes in each mouse were then calculated by comparison with the value for 18S rRNA, and the ⌬C t data for sham-infected mice were compared with the data for infected mice with a t test to derive the P value. The fold changes indicate the differences in the mean ⌬C t values between the sham-infected mice and the infected mice. Each group contained three mice, and one QPCR was performed per mouse. In BALB/cByJ mice, expression of Il1b, Opg, and Stat6 was significantly increased in infected mice. In A/J mice, gene expression did not change significantly with infection. N.S., not significant.
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by on March 4, 2010 iai.asm.org an important mediator in bone loss, and CD4 T cells and IL-6 have both been shown to be important in susceptibility to bone loss in this model (2) . The basal expression of Opg mRNA in the gingiva was higher in the BALB/cByJ mice than in the A/J mice. This finding was unexpected because osteoprotegerin (OPG) is an inhibitor of osteoclastogenesis. Osteoclast precursors carry the receptor activator of NF-〉 (RANK) on their surfaces. When RANK binds RANKL, its ligand on osteoblasts, these precursors are stimulated to differentiate into osteoclasts (14) . OPG is a soluble decoy receptor for RANKL. OPG binding to RANKL prevents its binding to RANK, inhibiting osteoclast differentiation (14) . Thus, the stimulus for osteoclastogenesis depends on an imbalance between OPG and RANKL, with RANKL predominating. In our mice, it may be that both Opg and Rankl are upregulated, with Rankl expression being greater, or it may be that Rankl remains upregulated longer than Opg, pushing the host tissue away from homeostasis and toward osteoclastogenesis. Opg expression was enhanced in all mice 1 week postinfection ( Fig. 3) but had returned to basal levels in all mice by 3 weeks (data not shown). In addition to expression on osteoblasts, RANKL is expressed on T cells activated by some, but not all, bacterial species (13) . A. actinomycetemcomitans infection induces RANKL expression on CD4 T cells and leads to alveolar bone loss (34) . P. gingivalis outer membrane proteins, however, do not induce RANKL (29) . Rankl was not in our gene array, so we are unable to say whether P. gingivalis infection induces its expression in vivo or describe its relative levels compared with those of Opg.
It may also be that bone loss is triggered by RANK-independent pathways, so that Opg mRNA expression is not indicative of resistance or susceptibility. Results from clinical studies do not currently provide a clear answer. In one study the levels of RANKL protein were higher in gingival biopsies from periodontitis patients, and the levels of OPG were higher in tissue from periodontally healthy patients (10) . However, in another study the workers found OPG mRNA expressed in 80% of periodontitis lesions (with gingival fibroblasts as the source), while only 25% of lesions expressed RANKL mRNA (27) .
Both TNF alpha and IL-1␤ can stimulate osteoclastogenesis independent of RANK, as can lipopolysaccharide (14) . TNF mRNA levels were significantly higher in the bone loss-susceptible BALB/cByJ mice than in the resistant A/J mice. P. gingivalis lipopolysaccharide induces IL-1␤ and bone resorption (25) . Il1b was upregulated the first week after oral infection with P. gingivalis in the susceptible BALB/cByJ mice but not in the resistant A/J mice (Fig. 3) . While the differences in Il1b expression achieved significance only during the first week as determined by our demanding statistical criteria, its expression remained elevated in some of the infected BALB/cByJ mice and did not return to basal levels in all mice until 6 weeks (data not shown). Indeed, Opg upregulation could be a compensatory mechanism attempting to control the osteoclastogenesis stimulated by IL-1␤ and TNF. The IL1b and Tnf results combined with the expression pattern of Opg suggest the importance of RANK-independent pathways for bone loss after P. gingivalis infection.
Upregulation by infection was transient, and expression returned to basal levels by the time that bone loss was macroscopically visible at 6 weeks after P. gingivalis infection. These results are consistent with a model in which the levels of a small subset of genes integral to osteoclastogenesis are elevated soon after infection yet the genes trigger a chronic periodontal erosive process.
These experiments implicate Il1b by two criteria and Tnf and Stat6 by one criterion as key genes involved in susceptibility to alveolar bone loss. One of the roles of the immune system is to maintain homeostasis when it is confronted with challenges. The relatively higher basal expression levels of Il1b and Tnf in susceptible mice may predispose them to a tip in the balance away from homeostasis and toward destructive mechanisms in response to an infectious challenge. The finding that Il1b and Stat6 are upregulated in infected gingivae is consistent with involvement of these genes in disruption of the homeostasis of the bone remodeling process leading to osteoclastogenesis.
Lower basal levels of Il1b and Tnf and lower responses of Il1b and Stat6 to infection may contribute to the bone loss resistance of A/J mice. Higher basal levels of Il-15 mRNA in the gingivae and of p-selectin mRNA in the spleen implicate these genes as genes that are possibly associated with resistance. Our experiments associate key differentially expressed genes with alveolar bone loss, thus providing insight into the genetics of the disease pathoetiology.
